To identify functional structural motifs from protein structures of unknown function becomes increasingly important in recent years due to the progress of the structural genomics initiatives. Although certain structural patterns such as the Asp-His-Ser catalytic triad are easy to detect because of their conserved residues and stringently constrained geometry, it is usually more challenging to detect a general structural motifs like, for example, the ␤␤␣-metal binding motif, which has a much more variable conformation and sequence. At present, the identification of these motifs usually relies on manual procedures based on different structure and sequence analysis tools. In this study, we develop a structural alignment algorithm combining both structural and sequence information to identify the local structure motifs. We applied our method to the following examples: the ␤␤␣-metal binding motif and the treble clef motif. The ␤␤␣-metal binding motif plays an important role in nonspecific DNA interactions and cleavage in host defense and apoptosis. The treble clef motif is a zinc-binding motif adaptable to diverse functions such as the binding of nucleic acid and hydrolysis of phosphodiester bonds. Our results are encouraging, indicating that we can effectively identify these structural motifs in an automatic fashion. Our method may provide a useful means for automatic functional annotation through detecting structural motifs associated with particular functions. Proteins 2006;63:636 -643.
INTRODUCTION
Due to the progress of structural genomics research, 1 a significant number of protein structures of unknown function are solved in recent years-more than 700 structures annotated as "Structural Genomics Unknown Protein" are currently deposited in Protein Data Bank (PDB). 2 Hence, the need of function prediction tools from protein structures becomes increasingly important in the present structural genomic era. Sequence alignment and global fold comparison are valuable tools in inferring protein function through comparing sequence or fold similarity; however, these methods may not be applicable in certain situations: because nonhomologous proteins with different folds may evolve convergently similar spatial dispositions of functional residues for similar functions, sequence or fold alignment may fail to identify the particular functional sites. It may also happen that nonhomologous proteins evolve similar overall conformations as a scaffold for different functions. The apparent fold similarity may lead to erroneous prediction of function. Hence, the ability to identify local structural motifs is important in predicting protein function and in providing a complementary tool to the fold alignment method.
The structural motif may be roughly divided into two types. The first type is characterized by a conserved spatial arrangement of a number of conserved residues that are functionally important. The distances among these residues are usually quite conserved, showing little variations. Hence, the sequence and distance constraints provide stringent criteria to identify this type of motif. A typical example is given by the catalytic triad (Asp-His-Ser) of serine protease. Study 3 showed that the majority of the catalytic triads are within a root-mean-square (RMS) distance of 2.0 Å from the consensus template. Using this distance, that is, 2.0 Å, as a cutoff can effectively separate the catalytic triad from other noncatalytic Ser-His-Asp associations. Another example is given by the active site of enolase superfamily, which can be accurately characterized by the spatial arrangement of five residues. 4 A number of methods [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] were developed to identify this type of structural motif, taking advantage of the distance constraints of the conserved residues.
The second type of structural motifs is composed of a number of secondary structure elements (SSEs) with each SSE arranged in a particular orientation. These SSEs are usually separated by variable lengths of intervening sequences in different protein families. The motif sequences are usually much less conserved than those of the first type, and the RMS distances of the motif residues from the consensus template are more widely distributed. Examples are the ␤␤␣-metal binding motif, [17] [18] [19] [20] [21] [22] [23] the treble clef finger motif, 24 and the helix-turn-helix motif. 25 Figure  1 shows a typical ␤␤␣-metal binding motif. The motif sequences are highly variable-there is only one strictly conserved His residue, which serves as a general base to activate a water nucleophile. 23 There do exist a special case of the ␤␤␣-metal motif that can be identified by its particular sequence motif, the so-called the H-N-H motif, 26, 27 characterized by the consensus sequence of EXHHX 14 NX 8 HX 3 H; 28 however, this instance does not reflect the general cases. At present, the identification of the ␤␤␣-metal motifs mainly relies on manual inspection assisted with a number of structure and sequence analysis tools. 22 Here, we present a structural alignment algorithm combining both structural and sequence information to identify the local structure motifs. As a practical application, we applied our method to detecting the ␤␤␣-metal motif and the treble clef finger motif.
METHODS
In this section, we will first define some basic notations of our method. The symbol S denotes the query structural motif of length n, which may comprise several discontinuous peptide fragments. The C ␣ coordinates of S are given by (x 1 ,x 2 ,…x n ). The symbol T is used to denote the target protein of length m with the C ␣ coordinates given by (y 1 ,y 2 ,…y m ). The basic unit of the structural alignment is a triplet composed of three consecutive C ␣ atoms. The structures S and T can be expressed in terms of these triplets, that is, S ϭ { 1 , 2 ,… nϪ2 } and T ϭ { 1 , 2 ,… mϪ2 }, where
We can construct an (m Ϫ 2) ϫ (n Ϫ 2) matrix between the and triplets,
where the element M i,j is a rigid-body transformation matrix form i to j , that is, M i,j i ϭ j (see Fig. 2 for schematic illustration).
Triplet Clustering
We use the symbol D kl ij to denote the Cartesian distance between the transformed triplet M i,j k and the target triplet l . The distance D kl ij is used as a measure of orientation similarity between the triplet pairs ( i , j ) and ( k , l ). We cluster the triplet fragments using the singlelinkage algorithm. 29 The procedures go as follows: for two triplets ( i , j ) and ( k , l ) under the criteria: D kl ij Ͻ D 0 , and i k and j l, the triplets will be clustered in the same group. Let G 1 and G 2 be two cluster groups, the former containing ( i , j ) and ( k , l ), the latter containing ( iЈ , jЈ ). If D kЈlЈ ij Ͻ D 0 , then G 1 and G 2 will be merged to form a new cluster G 3 ϭ G 1 ഫ G 2 . The procedures will be carried out iteratively until no more new cluster groups are formed. For the final cluster G , we can get the aligned substructure pair:
Note that the substructure is not necessarily continuous in space. We define for each cluster G the alignment ratio ⑀ as f/N, where f is the number of triplets of S , that is, the aligned atoms, and N is the number of the triplets of the query structure.
The Scoring Function
To assess the alignment quality of a given cluster G , we define the following scoring function
where RANK a (x) is a ranking function of x in the ascending order, RANK d (x) is a ranking function in the descending order, and w i is the weight of the associated rank score. The weights w i of Equation (2) are positive and satisfies 
where RMSD(S,T ) is the root-mean-square deviation of C ␣ atoms between S and T ;
where BLOSUM(S,T ) is the sequence alignment score based on BLOSUM62 30 between S and T and d 0 B is a constant to make C B negative;
where SS(S,T ) is the secondary structure alignment score between S and T and d 0 S is a constant to make C S negative. The secondary structure assignment is based on the DSSP method, 31 which assigns secondary structures according to their hydrogen bonding patterns. The DSSP method defines eight secondary structures: ␣-helix (H), 3 10 -helix (G), -helix (I), extended ␤-strand (E), isolated ␤-strand (B), turn (T), bend (S), and coil (U). The substitution matrix is given in Table I . 
TABLE I. Substitution Matrix of Secondary
Structural Elements In the alignment, The symbol ".(n)." indicates a sequence of length, n, "-" a gap and "*" a sequence of unspecified length. The letter in bold face indicates the strictly conserved residue the His residue, while the letter underlined the less conserved His, Asn or Glu residue. 
RESULTS AND DISCUSSION The ␤␤␣-Metal Motif
The ␤␤␣-metal motif has recently received much attention due to its important role in nonspecific DNA interactions and cleavage in host defense and apoptosis. [17] [18] [19] [20] [21] [22] 27, 32, 23 The ␤␤␣-metal binding motif is characterized by one ␣-helix and an antiparallel ␤-sheet, which are separated from each other by a variable length of intervening sequences from 9 to 36. This motif usually binds to divalent metal ions like Zn or Mg. The lengths and sequences of the ␤␤␣-metal motif vary greatly in different proteins. For example, there is only one strictly conserved His residue located at the first ␤-strand in the motif sequence. We used the ␤␤␣-metal motif of the nuclease domain of colicin E7 (PDB ID: 7CEI) 33 as the query motif, which is composed of three fragments: E542-H545 (␤-strand), I561-V564(␤-strand) and P566 -D571 (␣-helix). The query fragments are compared against the nonredundant PDB (nrpdb) chain set composed of nonidentical proteins from NCBI (http://www.ncbi.nlm.nih.gov/Structure/VAST/nrpdb.html). Table II lists the top ranking hits of proteins and the corresponding structure-aligned sequences. We list only the representative proteins of the protein families, which are colicin E9 (ColE9), 34 the periplasmic nuclease Vvn, 22 the HNH homing endonuclease I-HmuI, 35 the His-Cys box endonuclease I-PpoI, 18 the endonucleases such as Serratia nuclease, 17 CAD/DFF40, 32 the T4 Endo VII, 20 and HIV integrase (IN). 36 The lengths of the intervening sequence between the two ␤-strands vary from 2 to 39. The structures of the ␤␤␣-metal binding motifs of these proteins are shown in Figure 3 . We have identified all proteins that have experimentally confirmed ␤␤␣-metal binding motifs. The only exception is HIV IN, which has not been reported to have a structural motif similar to the ␤␤␣-metal binding motif. The identified structural motif is located in the catalytic core domain of HIV IN. 36 Two of the three catalytic residues 36 of HIV IN, that is, D64 and E152, are located in this motif, while the third one (D116) is in the vicinity of the motif. Although we did not find a divalent metal ion in the center of the motif in the crystal structures of HIV IN, we did find a phosphate group (PO 4 Ϫ ) in 1K6Y, which is close to the supposed metal-binding site. However, conspicuous differences do exist: in HIV IN, the ␤-strands of the structural motif are separated by only two residues, while the usual intervening length is much longer in the range between 9 -36 (Table II and Fig. 3) ; furthermore, the second ␤-strand does not directly connect to the ␣-helix like others do. Obviously, the question of whether HIV IN did contain a authenticate ␤␤␣-metal motif needs further study.
The Treble Clef Finger Motifs
The treble clef finger motif 24 is a zinc-binding structural motif composed of a zinc knuckle, a loop, a ␤-hairpin and an ␣-helix. It is so named because of its projection of the domain C ␣ trace resemble the treble clef sign. 24 The treble clef finger structures show highly variable sequences and appear in many folds. For example, in terms of the SCOP protein folds, the treble clef finger motif occurs in a number of folds such as the RING/U-box, glucocorticoid receptor-like folds, FYVE/PHD zinc fingers, His-Me finger endonucleases, C2H2 and C2HC zinc fingers, and cysteinerich domains. It has been noted 37 that fold similarity search programs such as DALI, 38 and CE, 39 and VAST 40 are not consistent in detecting the treble clef finger motif due to its relatively smaller size. Previously, a combination of fold alignment methods, together with the PSI-BLAST and the manual procedures, was used to identify the treble clef finger motifs. 24 We used the zinc finger motif of the G protein Rab3A (PDB ID: 1ZDB:B) 33 as the query motif, which is composed of three fragments: S108 -C119, G123-E125, and W135-K148. The top ranking hits are shown in Table III , and the corresponding structures of the zinc fingers are shown in Figure 4 . Both sequence and struc- 
The Double Treble Clef Finger Motif
The treble clef finger motif in many cases occurs as an overlapping treble-clef structure, 24 where the two zinc binding fingers, each finger showing a typical treble clef motif, overlap each other over a significant fraction of the whole motif sequence. In the overlapping zinc binding module, the first and the third Cys pairs bind to one zinc ion, while the second and the forth Cys pairs bind to the other zinc ion. The overlapping treble-clef structure is typical of the FYVE domains. 41 Our method successfully identified this structural motif in the FYVE domain of the proteins such as endosomal autoantigen 1 (1JOC:B), the Vps27p protein (1VFY:A), Hrs (1DVP:A), and the protein 19 from Mus musculus (1WFK). As an example, Figure 5 shows the detected overlapping treble-clef structure in the FYVE domain of Hrs. 42 Note that, although the two zinc fingers overlap over more than two-thirds of the motif sequence, our method is still able to identify these two overlapping fingers.
The treble-clef fingers also occurs as the so-called double treble-clef structure 24 where two fingers are arranged in a consecutive, instead of overlapping, fashion. In contrast to the previous overlapping treble-clef structure, the first two pair of the ligands bind to one zinc ion, while the last two pairs bind to a second zinc ion. The double treble-clef structure is typical of LIM domains. 43 Our method detects an interesting case of such motif in the tandem LIM domains of the LMO4 protein shown in Figure 6 . Note that LIMO4 has an unusual CCCD Zn-binding sequence motif.
Comparison with Other Approaches
Currently, there are three popular methods for structure alignment available on the Internet: DALI, CE, and VAST. However, because DALI and CE are mainly designed for the structural alignment of global folds, they failed to return results for both the ␤␤␣-metal and the zinc finger motifs, which are composed of relatively short and discontinuous fragments. On the other hand, the VAST algorithm, using a hierarchical alignment based on the SSEs, is able to identify local structural motifs. In the case of ␤␤␣-metal motifs, the VAST tool, using the same query fragment defined in the previous section against the medium-redundancy subset of PDB from NCBI, correctly identifies 4 out of the top 10 ranks (40%) based on the VAST score, while our approach yields 7 of 10 (70%). In the case of the zinc finger motifs, VAST correctly identify 5 out the top 10 ranks (50%), while our approach is able to yield 9 of 10 (90%). It should be noted that our program can be easily extended to identify the type 1 structural motifs such as the catalytic triads, which can be identified through stringent distance constraints. Using the data set comprising 88 serine hydrolase entries in enzyme class E.C. 3.4.21 from Chou and Cai, 44 our approach can achieve a overall success rate of 6187/6189 (99.92%) for the active site identification, which is comparable to that of the covariant discriminant approach designed for the identification of the catalytic triad.
In summary, we have developed an approach to identify the local structural motifs, which may be useful in the automatic functional annotation for structural genomics research. The Linux binary codes of our method are available upon request.
